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Accelerated Migration of Respiratory Dendritic
Cells to the Regional Lymph Nodes Is Limited
to the Early Phase of Pulmonary Infection
tors, integrins, and MRP1 (Randolph, 2001). However,
most of this information has come from the analysis of
skin Langerhans cells (Larsen et al., 1990; Macatonia et
al., 1987). Our current knowledge of RDC maturation/
migration has largely come from analysis of DC accumu-
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lation in lymphoid tissues (e.g., draining lymph nodes)
in response to lung infection/inflammation (Bozza et al.,
2002; McWilliam et al., 1994), or from adoptive transferSummary
of in vitro-cultured splenic or bone marrow-derived DC
into the respiratory tract by intratracheal instillation (Ha-Respiratory dendritic cells (RDC) are believed to play
a central role in the induction of adaptive immune venith et al., 1993; Lambrecht et al., 2000). While the
first method gives an accurate reflection of total DCresponses to pulmonary infection. Herein we examine
the basal migration of RDC from the lungs to second- migration and accumulation within the regional lymph
nodes, it does not directly address the origin of theary lymphoid tissues and their enhanced maturation/
migration after pulmonary infection/inflammation. We DC accumulation in the lymph nodes in response to
pulmonary inflammation. The second method, whiledemonstrate that the accelerated migration of RDC to
the draining peribronchial lymph nodes occurs only showing direct DC movement from the respiratory tract,
may also reflect inherent differences in DC migrationduring the first 24 hr after pulmonary virus infection.
RDC are refractory to further migration thereafter in patterns and rates when DC are obtained from different
organs. In a recent attempt to circumvent these issues,spite of ongoing virus replication and pulmonary in-
flammation. We further demonstrate that induction of RDC were labeled in situ with soluble FITC-conjugated
macromolecules (Vermaelen et al., 2001). RDC migrationthis RDC refractory state suppresses additional RDC
mobilization to subsequent pulmonary virus infection to the regional lymph nodes was detected to some but
not other FITC macromolecules without an apparentand results in concomitant suppression of an antiviral
pulmonary CD8 T cell response. need for a subsequent stimulus. Thus, the true basal
migration of RDC from the lungs to the secondary
lymphoid tissue and the tempo of migration in responseIntroduction
to pulmonary inflammation/infection are not fully under-
stood.Dendritic cells (DC) play an important role in peripheral
immune surveillance (Banchereau et al., 2000; Guermon- In order to overcome the above limitations and to
define the constitutive migration of RDC from the normalprez et al., 2002). Such surveillance by respiratory den-
dritic cells (RDC) involves sampling airways for both lung, as well as to track the response of RDC to a respira-
tory pathogen, we have developed a method to labelmicroorganisms and particulates including nonpatho-
genic antigens. Therefore, RDC must distinguish patho- RDC in situ by i.n. CFSE dye administration. This ap-
proach allowed us to examine the migration and matura-genic from innocuous antigens in order to maintain ho-
meostasis (Holt and Stumbles, 2000b). A recent report tion of RDC in the normal (noninflamed) respiratory tract
and after pulmonary influenza virus infection and otherhas demonstrated that tolerance to noninnocuous pul-
monary antigens is mediated by the development of pulmonary inflammatory stimuli. The results show that
respiratory CD11c CFSE DC migrating from the nor-CD4T regulatory cells within the lymph nodes following
interaction with IL-10-producing RDC (Akbari et al., mal respiratory tract predominately accumulate within
the draining PBLN, where they stably represent 1%–3%2001). The initiation of an adaptive immune response to
pulmonary viral and bacterial pathogens is likewise a of the total lymph node DC. Following influenza infec-
tion, RDC rapidly accumulate within the PBLN, peakingcritical step in their clearance from the lung (Bhardwaj
et al., 1994; McWilliam et al., 1997; Nonacs et al., 1992), at 18 hr postinfection. Interestingly, accelerated RDC
and naive CD8 and CD4 T cell activation and differen- migration from the infected lungs and airways to the
tiation is thought to be tied to encounter with viral or PBLN ceases by 48 hr, and following this early wave
bacterial antigens presented by DC in the regional lymph of enhanced migration, RDC become refractory to a
nodes (Banchereau et al., 2000; Ingulli et al., 1997; Nor- secondary migratory (inflammatory) stimulus. Further-
bury et al., 2002; Usherwood et al., 1999). Tolerance more, mice challenged with influenza infection 18 hr
induction or adaptive responses follow the migration of after a potent primary inflammatory stimulus to the re-
antigen-bearing DC to the regional lymph nodes. There- spiratory tract exhibit a diminished influenza-specific
fore, the migration of RDC into the regional lymph nodes pulmonary CD8 T cell response. These results indicate
is a critical step in the initiation of immune responses. that there is a rapid but transient increase in the migra-
The maturation and migration of DC from the body tion of activated RDC from the inflamed lungs to the
surfaces to the regional lymph nodes following inflam- draining lymph nodes following a pulmonary inflamma-
mation is associated with their activation (Banchereau tory stimulus. They also suggest that the refractory state
et al., 2000) and with the expression of chemokine recep- exhibited by RDC after the initial wave of migration in
response to respiratory tract inflammation may result in
the transient inhibition of RDC migration to a second*Correspondence: tjb2r@virginia.edu
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the kinetics of LRDC and URDC turnover after CFSETable 1. Respiratory Tract Cell Types Labeled by i.n. CFSE
instillation. CD11chi LRDC are intensely labeled by CFSE
Percentage
immediately after dye instillation (Figure 1A). Further-Cell Type Markers of Cells
more, the majority of these LRDC demonstrate intense
DC CD11c CD11bhi — 2.35a dye label up to 9 days post dye instillation, a time point
CD11c CD11blo — 11.02 when only 12% of the CD11chi LRDC appear to have
Macrophage CD11b F4/80 Mac-3 0.47 been replaced by newly arriving CD11chiCFSE DC.
CD11b F4/80 Mac-3 1.61
These results are consistent with the earlier reports ofCD11b F4/80 Mac-3 3.24
a slow basal turnover of LRDC (Holt et al., 1994; HoltCD11b F4/80 Mac-3 16.82
and Stumbles, 2000a). Like LRDC, URDC are efficientlyCD11b F4/80 Mac-3 0.53
CD11b F4/80 Mac-3 0.96 labeled after i.n. administration of CFSE (Figure 1B).
CD11b F4/80 Mac-3 5.02 However, as previously reported (Holt et al., 1994; Holt
Neutrophil Gr-1 CD3 — 3.31 and Stumbles, 2000a), in contrast to LRDC URDC exhibit
T CD3 CD8 — 1.40 a rapid basal turnover rate as the majority (78%) of
CD3 CD4 — 0.32 these cells are replaced by unlabeled CFSECD11c
B B220 CD11c CD11b 0.84 DC by 18 hr post dye instillation. It is also noteworthy
NK DX5 CD4 CD8 5.94 that URDC express CD11c primarily at moderate levels,
Other — — — 46.17 while LRDC exhibit both high and intermediate levels of
CD11c staining. The LRDC that express CD11c at a6 hr after i.n. instillation of CFSE, respiratory tract cells were harvested,
moderate level appear to turn over at a more rapid ratestained with the denoted mAb, and analyzed by flow cytometry.
similar to that of URDC as71% of the CD11cmod CFSEa Shown is the percentage of CFSEmarker/– cells within an ungated
respiratory tract cell suspension. DC within the lung parenchyma are replaced with
CD11cmodCFSE DC within the 9 day study period (Figure
1A) and may represent the fraction of mucosal RDC
associated with conducting airways in the lung paren-pulmonary infection leading to a diminished host adap-
chyma. Importantly, dye instillation does not appear totive immune response during acute respiratory infection.
act as a potent inflammatory stimulus in the respiratory
compartment (i.e., induce the mobilization of DC intoResults
the conducting airways or lungs), as accelerated accu-
mulation of CD11c CFSE DC was not detected in theConstitutive Migration of In Situ Labeled RDC
large airways at 3 hr after dye instillation (Figure 1B) orto Lymphoid Organs
parenchymal compartment from 3 hr to 4 days post dyeIn order to identify and track the migration of respiratory
instillation (Figure 1A). Also, the percentage of CD11cresident DC, we instilled the esterified vital dye CFSE
DC among total cells does not appear to increase withintranasally (i.n.) into normal mice (Lyons, 2000). We
time after dye instillation (data not shown).anticipated that i.n. dye instillation would label all cell
The above results suggested that i.n. CFSE instillation
types resident in the respiratory tract. Analysis of CFSE
resulted in the labeling of the major subsets of RDC
uptake in total lung cell suspensions at 18 hr post dye
with minimal disturbance of DC homeostasis due to
instillation by flow cytometry revealed that this was in-
dye instillation. With this information in hand, we next
deed the case (Table 1). Importantly, resident respiratory examined the migration of CFSE cells and specifically
tract cells expressing CD11c (a marker for DC) were CD11c DC to secondary lymphoid organs. At 30 hr
highly CFSE labeled by i.n. dye instillation, suggesting post dye instillation, few (0.5%) CFSECD11c cells
that this labeling strategy could be used to identify resi- were present among the total CD11c gated cells within
dent RDC and to monitor their fate. Further analysis of the axillary lymph nodes (AXLN), inguinal lymph nodes
the cell types labeled in the lung by the dye by cell (IGLN), liver, or spleen (Figure 2A). However, a low but
surface marker expression reveled that approximately significant percentage (2%) of PBLN DC were CFSE
45% of the total CFSE cells were of lymphoid or my- at 30 hr postlabeling. Furthermore, CD11c cells made
eloid origin with CD11c DC (14%) and cells of the up over 92% of the CFSE cells within the PBLN with the
macrophage lineage (29%) representing the predomi- remaining CD11c cells (8%) staining predominately
nant labeled cell types (Table 1) with the remaining Mac-3 or CD11b and likely of monocyte/macrophage
CFSE cells in the lung likely representing respiratory origin (data not shown). Although direct transfer of free
epithelial cells, alveolar lining cells, and presumably CFSE dye (from the respiratory tract to lymphoid tissue
stromal elements (e.g., fibroblasts). via lymphatic drainage) could account for the presence
RDC have been reported to consist of two distinct DC of the observed labeled cells, this possibility is unlikely
subsets based primarily on the rate of cell turnover, for several reasons. First, as noted above, dye uptake
upper respiratory dendritic cells (URDC) (found in the was restricted primarily to CD11c cells in the PBLN
mucosa of larger conducting airways), which exhibit an with no dye uptake by neutrophils or cells of lymphoid
extremely rapid basal turnover, and lower respiratory origin (e.g., B220 [B cells], Gr-1 [neutrophils], DX5
dendritic cells (LRDC) (found in the lung parenchyma), [NK cells], CD3 [T cells]). These cell types readily took
which have a much slower rate of basal turnover (Holt up dye in the respiratory tract after i.n. dye instillation
et al., 1994; Holt and Stumbles, 2000a). To further estab- (Table 1). Second, preliminary confocal microscopy of
lish the utility of i.n. CFSE administration to identify and PBLN sections revealed uniform (cytoplasmic) dye up-
track the migration of RDC, and to assess the stability take predominantly by CD11c cells, which localized to
the paracortical T cell areas of the lymph node (data notand homeostasis of these RDC subsets, we examined
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shown). Third, as described below, dye labeling was infection results in the accelerated migration of mature
RDC from the infected lungs to the draining regionalrestricted in the lymph node to CD11c cells, which
lymph nodes (and to a lesser extent to the spleen). Sinceexhibited the mature (activated) phenotype expected
DC maturation and migration is triggered by a varietyfor mature RDC migrating from the respiratory tract.
of inflammatory and immune competence signals (CellaOur current understanding of DC migration from the
et al., 1999; Larsson et al., 2000; McWilliam et al., 1994;periphery to the regional lymph nodes would predict
Norbury et al., 2002; Sparwasser et al., 2000), we askedthat the CFSECD11c RDC now located in the PBLN
if labeled RDC would be similarly mobilized after expo-would have undergone maturation prior to or during
sure to other maturation/migration competence stimuli.migration (Banchereau et al., 2000; Guermonprez et al.,
To this end, 6 hr after i.n. CFSE instillation, mice were2002). Consistent with this concept we found that
exposed i.n. to a panel of known DC maturation stimuli,CD11c CFSE RDC in the respiratory tract have low
and the migration of RDC to the PBLN was subsequentlyto moderate levels of DC maturation markers (data not
assessed at 12 hr after i.n. stimulus administration (18shown), while CFSECD11cRDC that have migrated to
hr post CFSE instillation). Accelerated recruitment ofthe PBLN express high levels of the maturation markers
mature CFSE RDC to the PBLN (above the constitutiveCD40 and CD80 well above that of resident (CFSE)
background observed in control untreated mice [2.0%,PBLN DC (Figure 2B). Similar results were obtained for
Figure 4A]) was observed not only after i.n. live influenzaCD86 and MHC class II (data not shown). Approximately
infection (10.8%, Figure 4B) but also after i.n. polyI:C1%–3% of DC within the PBLN of untreated donors
(8.3%, Figure 4C), unmethelyated CpG DNA (10.1%, Fig-express the CD11cCD40hiCD80hi phenotype of mature
ure 4D), LPS (8.8%, Figure 4E), and TNF (14.6%, FigureDC. During the first 24 hr after i.n. CFSE instillation, there
4F) instillation. DC migration was lower in response tois no increase in the number of mature DC detected in
UV-inactivated influenza (4.4%, Figure 4G) or nonstimu-the PBLN, again suggesting that dye instillation per se
latory GpC DNA (3.5%, Figure 4H). The latter resultswas not a potent inflammatory stimulus leading to ma-
suggest that while accelerated RDC migration to theture DC recruitment to the draining node (Figure 2C).
PBLN is triggered by a variety of inflammatory stimuliHowever, during the 24 hr after dye instillation, CFSE
to the lung, maturation and subsequent migration to theDC represented an increasingly larger fraction of the
PBLN are not efficiently activated by weak stimuli (i.e.,mature DC resident in the PBLN with mature CFSE DC
noninfectious virions or GpC DNA) to the respiratoryrepresenting10% of the CD11cCD40hiCD80hi cells by
tract.24 hr after i.n. dye instillation (Figure 2C). Thus, the
To further analyze the impact of respiratory virus infec-majority of the mature DC resident in the PBLN appear
tion on RDC mobilization to the PBLN, we examined theto represent mature RDC that have recently migrated
kinetics of RDC migration to the PBLN at different pointsto this site and exhibit a limited lifespan within the PBLN.
after CFSE instillation with/without an influenza virus
infection. Detailed kinetic analysis of DC accumulationMigration of RDC in Response to Respiratory
in peripheral lymph nodes in the absence of an influenzaVirus Infection
infection reveled that, as early as 1 hr after i.n. dye
The ability to monitor the basal migration of the RDC by
instillation, a low frequency of CFSE DC (2% of total
i.n. CFSE instillation provided an opportunity to examine
CD11c cells) were detected primarily in the PBLN, but
the effect of respiratory viral infection on RDC migration.
not the AXLN or IGLN (data not shown), and that the
Mice were treated with CFSE (i.n.) and 6 hr later infected percentage of CFSE DC in the PBLN remained rela-
(i.n.) with a minimally lethal dose (1 LD50) of mouse- tively constant (1%–3%) even out to 5 days post dye
adapted A/JAPAN/305/57 influenza virus. At 24 hr post- instillation (Figure 5A).
infection (30 hr post CFSE instillation), few (0.5%) By contrast, a distinctly different kinetic pattern of
CFSECD11c DC were detected among the CD11c RDC migration was observed following i.n. influenza in-
cells within the AXLN, IGLN, and liver (Figure 3A). How- fection. Notably, there was an increase in newly emi-
ever, at this time, a significant number of CFSECD11c grant CFSE RDC detected in the PBLN as early as 6
cells did accumulate in the PBLN (7% of the total lymph hr after influenza infection (12 hr post CFSE instillation),
node CD11c DC), and a lower but significant increase in with labeled RDC representing 5.9% of the total CD11c
CFSE DC was detected in the spleen (1.1%) (Figure cells (Figure 5A) or approximately 325 CFSECD11c
3A). This represented a 3.7- and 2.4-fold increase in RDC cells per PBLN (Figure 5B). In mock-infected mice at 6
migration to the PBLN and spleen, respectively, over that hr CFSE DC represented only 0.6% of the total CD11c
of control dye treated mice receiving the media diluent cells in the PBLN. The percentage of CFSE DC within
i.n. in parallel with the influenza infected groups (results the PBLN of infected mice steadily increased to a maxi-
as in Figure 2A). Furthermore, as observed for mature mum of 17.7% of CD11c cells (4050 cells/PBLN) at
CFSE RDC that have migrated from the normal (nonin- 18 hr postinfection, and then rapidly and substantially
flamed) respiratory tract to the PBLN, the expression of decreased (to 7.7% of the lymph node CD11c cells or
CD40, CD80, and CD86 was likewise upregulated on the 880 cells/PBLN) within the next 6 hr (i.e., at 24 hr
migrant CFSE RDC in the PBLN responding to respira- postinfection). Unexpectedly, at 48 hr postinfection in
tory viral infection (Figure 3B). Of note, at 24 hr post spite of an increase in total CD11c cells within the
influenza infection, resident (CFSE) PBLN DC had not PBLN (Figure 5B), the frequency and total number of
upregulated these markers and thus had maintained the CFSE RDC in the PBLN had returned to background
less mature phenotype of resident PBLN DC from unin- levels comparable to the constitutive RDC migration
fected control mice (Figure 2B). observed in control uninfected mice (1.6% and 2.2% of
CD11c cells, or 140 and 125 CFSE CD11c cells/The above results suggested that respiratory virus
Immunity
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Figure 2. Accumulation of Mature CFSECD11c RDC in the PBLN
(A) 6 hr after CFSE instillation, mice were given i.n. media diluent. 24 hr later (30 hr after CFSE instillation), cells from four donor mice were
harvested from the PBLN, AXLN, and IGLN, liver, and spleen, and then stained for CD11c expression. Representative side scatter versus
CFSE staining of CD11c gated cells is shown. The values represent the percentage of CFSE cells within the CD11c DC population for
each tissue. Data are representative of three independent experiments. The inserts in (A) are representative of CD11c gated cells from non-
CFSE administered mice.
(B) Mice received i.n. CFSE or as a control media diluent (Nil), and 18 hr later PBLN cells from four mice were harvested, pooled, and stained
for CD11c and either CD40 or CD80 expression. In parallel, pooled PBLN from CFSE-treated donors were first digested with collagenase/
DNase I prior to marker analysis. Representative CD40 or CD80 staining of CD11cCFSE (bold lines) or CD11cCFSE (dotted lines) gated
dendritic cells is shown. CD11c cell staining with rat IgG2a or armenian hamster IgG, group 2 mAb (thin line) were included as isotype
controls for anti-CD40 and anti-CD80 mAb staining, respectively.
(C) PBLN cells from four mice were isolated by collagenase/DNase I digestion prior to (0 hr) or at the indicated time points following i.n. CFSE
instillation, pooled, and stained as in (B) for CD11c, CD40, and CD80 expression. Shown is the percentage of CD80hi (CD80hi % total CD11c,
) or CD40hi (CD40hi % total CD11c, open triangles) cells among total CD11c cells. Also shown is the percentage of CFSE cells among
total CD11cCD40hi (CFSE % of CD11cCD40hi, closed triangles) or CD11cCD80hi (CFSE % of CD11cCD80hi, closed circles) cells in the
PBLN over time, after i.n. dye instillation. Data are representative of two independent experiments.
PBLN, respectively). Furthermore, this diminished rate 24 hr) directly paralleled the increase of CD11cCFSE
RDC (Figure 5B). This kinetic analysis suggested that,of RDC migration was evident as late as 5 days after
virus infection (Figure 5A) in spite of sustained virus following respiratory viral infection, the accelerated mi-
gration of mature RDC to the draining PBLN may bereplication in the respiratory tract and the continued
presence of large numbers of CFSE CD11c cells in transient (i.e., may cease after 24-48 hr of infection)
and that mature migrant RDC do not persist at elevatedthe infected respiratory tract during this time (data not
shown). Consistent with the accelerated migration of levels or further accumulate in the draining lymph nodes,
i.e., they have a limited residence time (half-life) in themature RDC to the PBLN early after infection, we ob-
served that the absolute numbers of CD11c CD40hi DC lymph nodes.
This apparent transient wave of mature RDC migrationwithin the PBLN early after infection (i.e., during the first
Figure 1. Efficient Labeling of RDC with CFSE
At the indicated time points after i.n. CFSE instillation, single cell suspensions of lung parenchyma (A) or trachea and bronchi (B) cells were
prepared by digesting with collagenase/DNase I, stained for CD11c expression, and analyzed for CFSE uptake by flow cytometry. Respiratory
tract cells obtained from untreated mice (Nil) were included as a control. The values in (A) and (B) represent the percentage of CFSE cells
within either the CD11chi or CD11cmod DC population detected over time.
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Figure 3. Augmented Accumulation of Mature CFSECD11c RDC in the PBLN following Influenza Virus Infection
6 hr after CFSE instillation, mice were infected with 1LD50 of A/JAPAN/305/57 influenza virus.
(A) 24 hr later (30 hr after CFSE instillation), cells were harvested from the PBLN, AXLN, and IGLN, liver, and spleen and stained for CD11c
expression. Representative side scatter versus CFSE staining of CD11c gated cells is shown. The values represent the percentage of CFSE
cells within the CD11c DC population from each tissue.
(B) 24 hr after infection, PBLN cells from four mice were harvested, pooled, digested with collagenase/DNase I, and then stained for CD11c
and either CD40, CD80, or CD86 expression. Representative CD40, CD80, or CD86 staining of CD11cCFSE (bold lines) or CD11cCFSE
(dotted lines) gated DC of four independent analyses is shown. CD11cCFSE and CD11cCFSE DC in the PBLN examined at 6, 12, and
18 hr post influenza infection had expression levels of CD40, CD80, and CD86 equal to their counterparts above (data not shown). CD11c
cell staining with rat IgG2a or armenian hamster IgG, group 2 mAb (thin line) were included as isotype controls for anti-CD40 and anti-CD86,
or anti-CD80 mAb staining, respectively.
to the PBLN after infection could be explained by an hr after influenza infection) showed only basal levels
of RDC recruitment (Figure 5D). Overall, these findingsalternative mechanism. Specifically, if after CFSE instil-
lation immature RDC progenitors are newly recruited further support the view that the accelerated recruitment
of RDC from the respiratory tract to the secondary tissuefrom the bone marrow (Holt et al., 1994; McWilliam et
al., 1996) to the lungs/airways in response to pulmonary in response to infection may be transient (i.e., limited to
the first 24 hr of infection).infection, these CFSE DC could then activate in re-
sponse to ongoing viral infection in the respiratory tract,
migrate to the PBLN, and not be detected as Capability of RDC to Respond to a Second
Inflammatory StimulusCFSECD11c DC. To explore this possibility, we in-
fected mice with influenza and then administered CFSE In view of these results, it was of interest to determine
whether after the RDC response to the initial migration(i.n.) at various times postinfection. Subsequent RDC
migration to the PBLN was monitored at 18 hr post CFSE stimulus, a second pulmonary inflammatory stimulus
could elicit a second wave of RDC migration to theinstillation. As Figure 5C demonstrates, there was no
significant increase in CFSE RDC in the PBLN in re- PBLN. To examine this, mice either received i.n. CpG
DNA or were infected i.n with influenza virus as the initialsponse to influenza virus infection when the respiratory
tract was labeled with dye as early as 24 hr postinfection. potent stimulus of RDC maturation/migration. Primary
stimulus control mice received i.n. noninflammatoryCFSE labeling of the respiratory tract from 24 hr to 4
days postinfection resulted in only a basal level of re- GpC DNA. RDC were then labeled with CFSE by i.n. dye
instillation 48 hr following primary stimulus. The CpGcruitment of CFSE RDC to the PBLN comparable to
that of control mock-infected mice. Furthermore, the DNA stimulated and influenza infected mice were then
respectively challenged i.n. (6 hr post CFSE instillation)lack of accelerated RDC migration was not explained
by a more rapid rate of RDC trafficking to the PBLN with either influenza virus or CpG DNA. Secondary stim-
ulus control mice received i.n. GpC DNA or media diluentafter infection, as examination of RDC in the PBLN at
1, 3, and 6 hr after dye instillation (dye administered 24 following primary infection/CpG administration and dye
Respiratory Dendritic Cell Migration to Infection
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Figure 4. RDC Migrate to the PBLN in Response to Pulmonary Inflammatory Stimuli
6 hr after i.n. CFSE instillation, mice were given one of the following i.n.: media diluent (A), infectious A/JAPAN/305/57 virus (B), polyI:C (C),
CpG DNA (D), LPS (E), TNF (F), UV-inactivated A/JAPAN/305/57 (G), or GpC control DNA (H). At 12 hr post i.n. stimulus administration, PBLN
(solid lines) and AXLN (dotted lines) cells were harvested from four mice, pooled, and stained for CD11c expression. Representative CFSE
intensity of CD11c gated DC of three independent experiments is shown. The values represent the percentage of CFSE cells within the
CD11c DC population of the PBLN.
labeling of RDC. As Figures 6A and 6B demonstrate, Since exposure to a second maturation stimulus of
viral (influenza infection) or bacterial origin (CpG) doesthere was no significant increase in CFSE RDC in the
PBLN (0.6% of CD11c PBLN cells) when influenza not appear to initiate a second wave of RDC migration
to the PBLN, the induction of a DC-dependent adaptiveinfected mice were given CpG DNA (or the control GpC
DNA, 0.05%), as the secondary stimulus. Likewise, host response to infection (e.g., the induction of a pul-
monary CD8 T cell response to i.n. influenza infection)mice given CpG DNA as a primary stimulus, followed
by either i.n. influenza virus infection or i.n. media diluent might similarly be suppressed by prior exposure to a
pulmonary inflammatory stimulus leading to migrationas a secondary stimulus, also failed to demonstrate a
significant increase in the accumulation of CFSE RDC of RDC. To test this possibility, we exposed mice to
either i.n. CpG DNA or polyI:C and 18 hr later challengedwithin the PBLN (3.6% and 2.8%, respectively, Fig-
ures 6C and 6D). The extent of RDC migration to the them i.n. with a sublethal dose of A/JAPAN/305/57 virus.
Control animals received i.n. the nucleic acid media dilu-PBLN in response to the second strong inflammatory
stimulus was equivalent to the background DC accumu- ent. Twelve days after infection, the CD8 T cell re-
sponse in the lungs was quantified by intracellular IFN	lation observed in control mice (2.6%) given GpC DNA
followed by challenge with media diluent (Figure 6F). production in response to a panel of synthetic influenza
A/JAPAN/305/57 hemagglutinin (HA204-212, HA529-537) andMice given GpC DNA as the primary stimulus and i.n.
influenza virus infection as a secondary stimulus accu- nucleocapsid (NP147-155) peptides corresponding to the
dominant MHC class I epitopes of this virus recognizedmulated significant numbers of CFSE RDC (10%)
within the PBLN (Figure 6E). These results suggest after by H-2d haplotype mice (Bodmer et al., 1988; Braciale
et al., 1989; Sweetser et al., 1989). Although prior i.n.an initial accelerated maturation/migration response to
pulmonary infection/inflammatory stimulus RDC in the administration of CpG DNA or poly I:C slightly sup-
pressed initial pulmonary virus replication at day 2 post-lungs become transiently refractory to further stimulus
induced migration to the PBLN whether induced by on- infection when compared to control infected mice (i.e.,
lung titers 1 log lower) by day 4 of infection, pulmonarygoing influenza virus infection or as observed above
after a subsequent inflammatory stimulus to the respira- virus titers in the nucleic acid and control groups were
comparable (see legend, Figure 6). To compensate fortory tract.
Immunity
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Figure 5. Rapid but Transient Accumulation of CD11c CFSE RDC in the PBLN following Influenza Virus Infection
(A) 6 hr after i.n CFSE instillation, mice were infected with 1LD50 of A/JAPAN/305/57 (closed circles, open circles) or given i.n. media diluent
as a control (closed triangles, open triangles). At the indicated times postinfection or post diluent instillation, single cell suspensions were
prepared from PBLN (open circles, open triangles) and AXLN (closed circles, closed triangles) and examined for CD11c expression by flow
cytometry. The values represent the percentage of CFSE cells within the CD11c DC population of the PBLN or AXLN.
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any difference in the magnitude of the pulmonary CD8 of noninfected controls. After this initial period of aug-
mented migration, the remaining RDC in the infectedT cell response due to the difference in the time course
respiratory tract failed to migrate to a second unrelatedof maximum pulmonary virus replication between the
pulmonary inflammation stimulus. Furthermore, wetwo groups, the pulmonary CD8 T cell responses were
found that this transient refractory state of RDC in theanalyzed at day 12 postinfection. As demonstrated in
respiratory tract following an initial inflammatory stimu-Figures 6G–6I, control mice displayed a potent CD8 T
lus, i.e., CpG or polyI:C also inhibited the developmentcell response in the lungs (25% of the CD8 T cells
of an adaptive immune (CD8 T cell) response to subse-were also IFN	 to one of the MHC class I epitope
quent pulmonary virus infection during this refractorypeptides [Figures 6G–6I]). In contrast, mice given i.n.
phase.polyI:C or CpG followed by challenge with influenza virus
The strategy employed here (i.n. CFSE instillation) toinfection displayed greatly diminished influenza-specific
identify and assess the turnover of murine RDC in theCD8 T cell responses (7% and 5% IFN	, respec-
normal (noninflamed) respiratory tract yielded resultstively) (Figures 6G–6I).
that are consistent with earlier published observations
(Holt et al., 1994). We found that the basal migration ofDiscussion
mature RDC from the normal (noninflamed) respiratory
tract to the draining PBLN is rapid (i.e., within 1 hr ofIn this report, we have examined the migration of RDC
i.n. dye instillation) and labeled RDC numbers in theto secondary lymphoid tissue from the normal, nonin-
PBLN are maintained continuously at a low levelflamed respiratory tract and after pulmonary virus infec-
(1%–3% of total node DC) through the 5 days of analysistion and other pulmonary inflammatory stimuli. Using
(Figure 5A). The absence of continuous RDC accumula-i.n. CFSE instillation to label RDC in situ, we identified
tion suggests that the life span of mature RDC in theRDC subsets localized primarily to the large conducting
lymph nodes may be very limited. This hypothesis awaitsairways (URDC) and to the pulmonary parenchyma
vigorous experimental verification but is consistent with(LRDC), respectively. The dye-labeled CFSE CD11c
current information on the properties of activated ma-RDC were found to migrate at a constitutive low level
ture DC (Banchereau et al., 2000).from the normal (noninflamed) respiratory tract, primarily
By contrast, pulmonary influenza infection or i.n. ex-to the PBLN where they stably represent 1%–3% of the
posure to other inducers of RDC maturation/migrationtotal lymph node population. This basal accumulation
results in the rapid and augmented trafficking of mature
of CFSE CD11c DC within the PBLN was seen as early
RDC to the PBLN (Figures 5A and 5B) that exhibit the
as 1 hr after CFSE instillation and was stable out to 5
same phenotype (i.e., CD80hiCD86hiCD40hi, Figure 3B) as
days post dye labeling, suggesting that this basal level lymph node resident RDC from the normal lung (Figure
of migration of RDC to the draining lymph nodes may 2B). However, RDC from infected donors are also capa-
occur constitutively from noninflamed lungs. Further- ble of activating naive CD8 T cells and driving the
more, the migrant RDC displayed a mature phenotype development of an effector CD8 T cell response (Fig-
expressing high levels of CD40, CD80, CD86, and MHC ures 6G–6I), presumably due to direct influenza infection
class II, while PBLN resident (CFSE) DC, sampled at and/or though uptake of apoptotic bodies from dying
the same time, showed a less mature phenotype. The lung epithelial cells.
rapid rate of replacement of mature CFSE DC in the Our results are consistent with previous data demon-
PBLN by CFSE RDC without a concomitant increase in strating increased RDC recruitment to the regional
DC numbers in the PBLN suggested that the constitutive lymph nodes early after bacterial challenge (McWilliam
basal level of mature CFSE CD11c DC migration to et al., 1994) or following intratracheal instillation of solu-
the PBLN likely reflects the continual replacement of ble protein antigens (Vermaelen et al., 2001). However,
mature RDC within the PBLN by emigrants from the in contrast to earlier reports, our data suggest that this
normal (noninflamed) respiratory tract. wave of RDC migration may be transient. Notably, by
Influenza virus infection, however, dramatically accel- 48 hr after influenza infection CFSE CD11c (Figures
erated the accumulation of CFSE RDCs within the 5A and 5B) RDC no longer accumulate in the lymph
PBLN as well as the spleen. This accelerated migration nodes in spite of sustained virus replication in the lungs
was seen as early as 6 hr postinfection (2-fold increase (up to 5–6 days) and continuing pulmonary inflammation.
in PBLN CFSE DC) and was maximal (18% of the Studies employing i.n. CFSE instillation after virus infec-
total CD11c PBLN DC or 4050 cells/PBLN) at 18 hr tion suggest that the absence of labeled RDC in the
postinfection. Surprisingly, in spite of the continuing in- lymph nodes at 
48 hr of infection is unlikely due to a
flammatory stimulus produced by pulmonary influenza replacement of the labeled RDC in the lungs and subse-
infection, there was a rapid decrease in RDC migration quently in the draining PBLN by newly recruited unla-
to the PBLN after 18 hr. By 48 hr postinfection RDC beled immature RDC (Figures 5C and 5D). Consistent
with this finding, we observed that an initial inflammatorynumbers in the lymph nodes were comparable to that
(B) The data represent the absolute cell number of CD11c (closed triangles), CD11cCFSE (closed squares), and CD11cCD40hi (open
circles) cells per PBLN from the influenza infected recipients in (A) at the indicated times.
(C and D) Mice were infected with 1LD50 of A/JAPAN/305/57 and then given CFSE i.n. at 24, 36, or 48 hr, or 4 days after infection. At 18 hr
(C and D) or 1, 3, and 6 (D) post CFSE instillation, PBLN cells were harvested from four mice, pooled, and stained for CD11c expression.
Representative CFSE intensity of CD11c gated DC is shown. The values represent the percentage of CFSE cells within the CD11c DC
population from the PBLN. The panels in (D) represent CFSE i.n. instillation at 24 hr after infection.
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Figure 6. Resistance of RDC to a Second Migration Stimulus and Diminished CD8 T Cell Responses to Influenza Virus Infections following
a Potent RDC Migration Stimulus
(A) 48 hr after i.n. instillation of either A/JAPAN/305/57 influenza virus (A and B), CpG DNA (C and D), or control GpC DNA (E and F), mice
were given i.n. CFSE. 6 hr after CFSE instillation, treated animals were given i.n. CpG DNA (CpG) (A), GpC DNA (GpC) (B), A/JAPAN/305/57
(virus) (C and E), or media diluent (Nil) (D and F). 18 hr after the second i.n stimulus instillation, single cell suspensions, prepared from PBLN
(solid lines) and AXLN (dotted lines) from four mice, were pooled and stained for CD11c expression. Representative CFSE intensity of CD11c
gated DC is shown. The values represent the percentage of CFSE cells within the CD11c DC population of the PBLN.
(G and I) 18 hr after i.n. instillation of CpG DNA (gray bars), polyI:C (open bars), or media diluent (Nil) (black bars), mice (five per group) were
infected i.n. with 0.01LD50 of A/JAPAN/305/57. 12 days postinfection, single cell suspensions, prepared from individual murine respiratory
tracts, were incubated in the presence of brefeldin A for 6 hr with HA204-212, HA529-537, NP147-155 peptides, or no peptide (media control). The cell
suspensions were subsequently stained for surface CD8 and intracellular INF	 expression and analyzed by flow cytometry. The values in
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stimulus leading to the transient wave of RDC migration et al., 2002; Wong and Pamer, 2001). In this connection,
to the PBLN renders the remaining RDC in the inflamed it should be noted that infection of RDC by influenza
respiratory tract refractory to migration in response to virus in the respiratory tract could result in the subse-
a subsequent pulmonary inflammatory stimulus (Figures quent death of these cells after migration to the PBLN
6A–6F). The mechanism responsible for this refractory and the apparent rapid loss of these cells from the lymph
state of RDC after the development of pulmonary inflam- node. While we cannot rule out the possibility that in-
mation is unclear at this time. It is tempting to speculate fected RDC die within the lymph nodes in response to
that a strong and/or sustained pulmonary inflammatory influenza infection and thereby make viral antigen (in
stimulus like influenza virus infection may alter the re- the form of apoptotic RDC) available to lymph node
sponse of both the remaining resident RDC and newly resident DC after the disappearance of mature RDC
immigrant immature DC in the respiratory tract and ren- (Figure 5B), resident PBLN DC appear to retain an imma-
der the RDC insensitive to chemotactic stimuli promot- ture phenotype during the first 24-48 hr of infection (Fig-
ing PBLN homing, e.g., though modulation of CCR7 or ures 3B and 5B). Therefore, whether these resident
other chemokine receptors expressed on RDC. This and PBLN DC would be able to effectively crosspresent viral
other explanations await experimental analysis. antigens to naive T cells is uncertain (Albert et al., 2001;
We observed a progressive increase in total lymph Larsson et al., 2000).
node DC numbers after pulmonary influenza infection Bacterial superinfection is a common complication of
(Figure 5B). Previous studies have also shown a progres- influenza virus infection, particularly influenza infections
sive accumulation of DC and/or antigenic stimulatory of the lower respiratory tract (Hament et al., 1999). The
capacity of DC in draining lymph nodes over time, follow- results reported here suggest a possible link between
ing pulmonary bacterial (McWilliam et al., 1994) and viral respiratory virus infection and susceptibility to bacterial
infection (Usherwood et al., 1999), as well as after intra- superinfection at the level of RDC accumulation and
tracheal instillation or i.n administration of soluble pro- mobilization. We found that respiratory resident DC be-
tein antigens (Akbari et al., 2001; Vermaelen et al., 2001; come refractory to a second migration stimulus follow-
Xia et al., 1995). These findings have been most readily ing an encounter with a potent initial inflammatory stimu-
interpreted as representing the continuous accumula- lus (Figures 6A–6F). Furthermore, this refractory state
tion of RDC in the draining lymph nodes following infec- of RDC following potent initial stimulus is associated
tion or antigen administration. Despite our labeling of with a diminished adaptive immune response to subse-
RDC at multiple time points postinfection and use of
quent pulmonary infection, i.e., the influenza-specific
other approaches to label and track these cells during
CD8T cell response is inhibited in mice challenged with
pulmonary infection/inflammation, it is possible that our
influenza 18 hr after administration of a potent migration
inability to detect increased accumulation of labeled
stimulus (Figures 6G–6I). This result raises the possibilityRDC in the PBLN over time by CFSE dye uptake may
that, in addition to the well documented destruction ofreflect unrecognized artifacts or limitations inherent in
respiratory epithelium by influenza infection that pro-this RDC labeling strategy. Alternatively, this progres-
motes bacterial colonization in the infected lung (Ha-sive increase in CFSE DC in the draining PBLN in re-
ment et al., 1999), pulmonary influenza infection couldsponse to pulmonary infection could also reflect the
transiently suppress the subsequent RDC mobilizationmobilization and accumulation of DC from other sources
to lung bacterial infection and delay the development(e.g., the blood/bone marrow) to the PBLN in response
of an effective adaptive immune response to the secondto pulmonary inflammation.
(bacterial) infectious stimulus.In spite of the apparently limited window of time for
In conclusion, our findings indicate that there is a lowresponding RDC to access the lymph nodes after virus
level of continuous migration of mature RDC from theinfection and the apparent short half-life of RDC within
normal respiratory tract to the PBLN and that thesethe PBLN (Figures 5A and 5B), an immune response to
RDC may have a short half-life in the lymph nodes.viral antigens does develop after pulmonary infection. If
Furthermore, this study shows that respiratory virus in-the accelerated migration of mature RDC to the draining
fections and other inflammatory mediators initially in-lymph nodes in response to viral infection/inflammation
crease the level of mature RDC migration to the PBLN.is of a short duration and the lifespan of antigen-bearing
However, this enhanced migration of RDC to the PBLNRDC in the PBLN after virus infection is also limited,
in response to inflammation quickly wanes in spite ofthen the contact time between antigen-bearing RDC and
continued viral induced inflammation in the lungs. Fi-naive T cells necessary for T cell activation would be
nally, these results suggest that the refractory state ex-equally limited. Such a limited contact time between the
hibited by RDC after the initial wave of migration inRDC and naive T cells within the lymph node does not
response to inflammation in the respiratory tract maypreclude effective T cell activation, as recent data sug-
result in the transient inhibition of RDC migration to agest that only a transient interaction between the APC
second pulmonary infection leading to a diminished hostand naive T cell may be necessary to stimulate resting
CD4 and CD8 T cells (Kaech and Ahmed, 2001; Lee adaptive immune response to the second stimulus.
(G)–(I) represent the percentage of IFN	 cells among CD8 gated T cells for the indicated peptide stimulus. No intracellular IFN	 production
was obtained when lung cells were cultured without peptide (data not shown). Influenza viral titers (measured from respiratory tract suspensions
from three recipient mice) following infection were as follows: day 2 Nil, 7.6  107 EIU/ml; CpG, 7.2  106 EIU/ml; polyI:C, 6.9  106 EIU/ml,
and day 4 Nil, 1.07  108 EIU/ml; CpG, 3.07  107 EIU/ml; polyI:C, 1.65  108 EIU/ml.
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Experimental Procedures Intracellular IFN Staining
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l per well with 1 M of the above influenzaMice
8-week-old BALB/cAnNTac (H-2d) mice were purchased from Ta- peptides or media control in the presence of 1 g/ml brefeldin A and
400 U/ml recombinant human IL-2. After 6 hr, cells were harvested,conic Laboratory Animals and Services.
stained with anti-CD8, fixed, permeablized, and stained with anti-
IFN	 (XMG1.2, BD PharMingen).Virus Stocks and Infection
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